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Abstract

Copper vanadates have been proposed as promising photoanodes for water-splitting
photoelectrochemical cells, but their performance has recently been shown to be severely
limited. To understand this behavior, we study the electronic structure and the opti-
cal properties of 5-Cus V207 both experimentally and computationally. The measured
absorption spectrum shows an absorption peak at 1.5 eV followed by the onset of an
apparent continuum at 2.26 eV, as generally found for this class of materials. We per-
form calculations within the framework of the QSGW method and the Bethe-Salpeter
equation, while including effects of magnetic ordering, nuclear quantum motion, and
thermal vibrations. We demonstrate the occurrence of two kinds of excitons with high
binding energies upon optical excitation in 5-CuaV2Or7, which account for the first ab-
sorption peak and the lower edge of the apparent continuum. These results provide one
possible explanation for the low photocatalytic efficiencies of copper vanadates, despite

the favorable size of their optical band gaps.
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Photocatalytic water splitting is regarded as a promising way of generating renewable
energy. ' ® To achieve high efficiencies of the reaction, it is essential to identify photoabsorbers
with optimal properties. As a consequence, extensive efforts are being undertaken to identify
suitable candidates. Recent high-throughput searches*® proposed copper vanadates as a
promising class of materials for photocatalytic water splitting, mainly based on the favorable
sizes of their band gaps. However, experimental studies have revealed that their performance
is severely limited, even though their measured band gaps of about 2 V> suggest that
cells based on these materials should potentially reach high efficiencies.® For the widely
studied vanadate BiVO,, heterojunctions,® cocatalyst deposition,'? gradient doping,!! and
crystallographic orientation!? proved to be effective means to achieve photocurrent densities
on par with the theoretical limit. Following the same rationale, a few experimental studies
have been undertaken to optimize the morphology and doping of copper vanadates.!®!*
However, such strategies have proven unsuccessful so far.

Though no definite conclusions have been drawn as to the origin of the low measured
efficiencies in copper vanadates, it was suggested that high bulk recombination rates might
be one of the underlying detrimental factors.'* Furthermore, a number of studies on copper
vanadates have observed an unusual feature in the absorption spectrum, apparently unre-
lated to the band structure. This feature has remained poorly understood, possibly related
to a localized ligand field excitation at the Cu®* cation.!® While the corresponding states
are generally not assumed to produce mobile charge carriers,!® this limited understanding
nevertheless calls for a more thorough investigation of the optical properties of copper vana-
dates.

In the present study, we investigate, both computationally and experimentally, the elec-
tronic structure and the optical properties of 5-CuyVoO7 (ziesite phase), as a representative
of the copper vanadate class. We demonstrate that strong excitonic effects account for both
the first peak in the absorption spectrum and the onset of the apparent continuum. These

results explain the limited photocatalytic efficiency of photoelectrochemical cells based on



copper vanadates.

a) b)

8 8
—— experimental —— experimental data
o~ 7} —— calculated tl:,‘\ [ Sr— linear fit
1
€ el § 6l
X X
S 5 % 5+
~ 4 X 4+
c <
2 3 2 3r
o Z
2 2+ ‘)‘LLT 2 /
% 1+ S 1
214 eV
0 0 ! S !
0.5 1 1.5 2 25 3 35 1.6 1.8 2 22 24

energy (eV) energy (eV)

Figure 1: a) Experimental absorption coefficient compared to that achieved through our
computational scheme. b) Experimental Tauc plot.

We first determine experimentally the optical absorption spectrum of 5-CusV,07 us-
ing UV-vis spectroscopy. Thin films of CuyV,07; were prepared using the seeded growth
approach. The sample composition was verified by X-ray diffraction measurements, as de-
tailed in the Supporting Information (SI). The corresponding absorption spectrum is given
in Fig. 1 a). The raw data contained severe noise around 1.4 eV due to a change of lamps
in our dual light source spectrometer during the measurement (cf. SI), and the curve was
treated with a locally weighted scatterplot smoothing (LOESS) method. Additionally, the
background was removed to ease comparison. The measured absorption spectrum shows a
first peak at about 1.5 eV and the onset of an apparent continuum close to 2 eV. These

5-7,15,16 corrob-

features are generally observed in the class of copper oxides with Cu?* ions,
orating their intrinsic origin. From the corresponding Tauc plot |[Fig. 1 b)|, we estimate a
value of 2.14 eV for this onset.

While steady-state spectra are routinely used to evaluate the absorption properties of
semiconductors, they do not provide any information about the nature of the generated
charge carriers. To evaluate the electronic properties underlying the observed features, we

resort to a first-principles modeling scheme. From the computational point of view, modeling

a complex material such as a copper vanadate requires special care. First, the occurrence



of the 2+ oxidation state of Cu leads to the presence of unpaired electrons and to magnetic
ordering. In particular, 8-Cuy V507 is known to be paramagnetic at room temperature,*7®
which presents a challenge for first-principles modeling.%?° Moreover, it has recently been
observed that the electronic structure of an analogous vanadate, BiVQy, is strongly affected
by thermal vibrations and nuclear quantum motions.?! These effects might similarly influence
the electronic structure of 5-CuyV20O7, and thus need to be properly accounted for in the
calculations. Finally, the full treatment of the optical properties of the material requires
the consideration of excitonic effects, which generally involve advanced schemes such as the
Bethe-Salpeter equation.

We begin the theoretical analysis by studying the electronic structure of 5-Cuy V507 in
the antiferromagnetic ground state at 0 K.?? We perform calculations within many-body
perturbation theory through the use of the self-consistent QSGW technique. An efficient
exchange-correlation kernel is included to account for vertex corrections, as described in
Ref. 23. This approach has been shown to yield band gaps in very good agreement with
experiment.?*?* We refer the reader to the SI for computational details. In Fig. 2, we show
the density of states (DOS) as calculated with various electronic structure schemes. The
top of the valence band results from a mixture of O 2p, V 3d, and Cu 3d orbitals, while the
lowest conduction band states essentially consist of Cu 3d states and give rise to an isolated
peak in the DOS. This is consistent with the d° occupation of the Cu 3d states in the Cu?*
ion. The QSGW calculation gives an indirect band gap of 3.56 ¢V, whereas the direct band
gap is found to lie slightly higher at 3.63 eV. The semilocal Perdew-Burke-Ernzerhof (PBE)
functional yields a much lower band gap of 0.72 eV, but also a much larger separation between
the isolated peak of empty Cu 3d states and the higher lying conduction band states. We
note that the QSGW band gap at 0 K (3.56 €V) is much higher than the onset at 2.14
eV of the apparent continuum in the experimental spectrum (Fig. 1). However, following
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recent work on BiVOy,*" one expects additional effects, such as nuclear quantum motions,

thermal vibrations, and excitonic effects, to lower the theoretical estimate. To address larger



supercells preserving the accuracy of the QSGW scheme, it is convenient to make use of
a hybrid functional. For this purpose, we use the Perdew-Burke-Ernzerhof (PBEO) hybrid
functional®® with a mixing parameter « set to 0.225 in order to closely reproduce the DOS

calculated in QSGW (see Fig. 2).
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Figure 2: Density of states for the antiferromagnetic ground state of 5-CuyV,0O7 at 0 K,
as calculated using the PBE, QSGW, and PBEO(av = 0.225) methods. The energies are
referred to the top of the valence band for each calculation. We use a broadening of 0.05 eV
to generate the plots.

$-Cuy V507 has been shown to be paramagnetic at room temperature.'”'® To describe the
paramagnetic state within density functional theory, we use the Disordered Local Moment
model, 2527 in which a random distribution of atomic magnetic moments is assumed. Here,
we consider only collinear magnetic moments, which is appropriate in this case as spin-orbit
coupling is not dominant.?® To achieve a random distribution of spin-up and spin-down
Cu atoms in $-CuyV,07, we generate a special quasirandom structure (SQS)?° containing
176 atoms in the supercell, as represented in Fig. 3 a). This cell contains 32 Cu atoms,
16 of them with spin up and 16 with spin down. When we compare the density of states
of the antiferromagnetic and paramagnetic states calculated with the PBE functional at a
temperature of 0 K, we find that the magnetic structure of the paramagnetic state leads to
a broadening of the width of the empty Cu 3d states, consequently reducing the band gap
by 0.18 eV.

Next, we study the influence of thermal disorder and nuclear quantum effects (NQEs) on

6



the band gap of 8-CuyV2O7. We carry out path-integral molecular dynamics (PIMD) at the
PBE level for 5 ps at 300 K, within the NV'T ensemble. The simulation is performed for
the paramagnetic supercell containing 176 atoms. To achieve an accurate description of the
electronic structure, we perform subsequent calculations with the hybrid functional PBEO
(o = 0.225)?° on 300 configurations regularly spaced in time from the PIMD trajectory. The
density of states calculated for the selected paramagnetic configurations is shown in Fig. 3 b),
where it is compared to the corresponding DOS of the antiferromagnetic ground state at 0 K,
achieved with the same hybrid functional but neglecting NQEs. From the DOS, we extract a
room-temperature fundamental band gap of 2.76 eV, smaller than the value at 0 K (3.56 V)
by almost 0.8 eV. We note that in the DOS of the paramagnetic structure at 300 K the
empty Cu 3d states merge with the higher lying conduction states. This qualitative aspect
is missed in the semilocal description at 0 K, undermining the reliability of such a scheme

in high-throughput searches of new materials.
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Figure 3: a) Paramagnetic supercell of 5-Cuy V5,07 containing a quasirandom distribution
of spin-up (green) and spin-down (blue) Cu atoms, based on a special quasirandom struc-
ture (SQS). b) Density of states of 5-CuyV,O7; at 300 K, in the paramagnetic state. The
calculation uses the PBEO(a = 0.225) hybrid functional and includes NQEs. For compari-
son, we also show the DOS of the antiferromagnetic ground state, calculated with the same
functional at 0 K but neglecting NQEs. The DOS are aligned using the Cu 3s states. The
energies are referred to the top of the valence band of the antiferromagnetic state. We use
a broadening of 0.05 eV to generate the plots.

Optical absorption spectra can be used to extract the optical band gap of -CuyV,05.

This property differs from the fundamental band gap by the electron-hole interaction.



To account for excitonic effects, we solve the Bethe-Salpeter equation (BSE)® using the
ABINIT?' 3% and DP-CODE?* packages. We calculate the absorption spectra on 20 instanta-
neous configurations from the PIMD simulation. In this way, our description accounts for
the paramagnetic spin structure, the thermal vibrations, and the nuclear quantum motions.
Since the treatment of the 176-atom cell is demanding, we use wave functions achieved at the
PBE level and a scissor operator of 2.8 ¢V, which is chosen to reproduce the QSGW band
gap of the antiferromagnetic ground state at 0 K. In the SI, the validity of this approach is

analyzed and the computational details are provided.
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Figure 4: a) Comparison between the imaginary part of the dielectric function (g5) calculated
with the BSE for the paramagnetic ground state at 300 K (blue) and the corresponding result
obtained in the RPA (blue). The results include NQEs. b) Comparison between the imag-
inary part of the dielectric function calculated with the BSE for the paramagnetic ground
state at 300 K (including NQEs) and the result achieved at 0 K for the antiferromagnetic
state (green).

We compare in Fig. 4 a) the imaginary part of the dielectric function e, calculated
by solving the BSE equation with that obtained within the random phase approximation
(RPA), which does not include excitonic effects. The RPA curve shows a peak composed of
excitations to Cu 3d states at 3.5 eV with an onset at 2.76 eV, consistent with the fundamental
band gap in Fig. 3. The comparison with the BSE result shows that the excitonic effects
are sizable in $-CuyV,07. We distinguish two peaks below the fundamental band gap at 1.6
and 2.7 eV, denoted as X1 and X2, respectively. Since these excitonic features correspond to

excitations to Cu 3d states, we refer their peak positions with respect to the RPA peak and



find respective binding energies of 1.9 and 0.8 eV. We determine the onset of the feature X2
to be at 2.26 V. This shows a sizable shift of 0.5 eV with respect to the RPA one, in accord
with shifts of similar size observed in other complex copper oxides, such as CuAlO,.3%3¢ This
can be considered as the minimal energy that needs to be supplied to overcome the electron-
hole binding energy and to achieve mobile carriers. We remark that there is a nontrivial
interplay between atomic displacements and excitonic effects. This can be inferred from
Fig. 4 b), where e, calculated for the antiferromagnetic ground state at 0 K and for the
paramagnetic state at 300 K are compared. A simplistic approach consisting in applying the
broadening due to atomic displacements observed in Fig. 3 to the result at 0 K could not

give the correct one at 300 K.

Figure 5: Representation of the wave functions of the lowest lying excitonic features (a) X1
and (b) X2 in f-CusV,07. Cu, O, and V atoms are in blue, red, and gray, respectively.
To illustrate the two-particle wave functions of the excitons, the spatial coordinate of the
hole has been fixed at the Cu atom marked in white, while the orbital of the electron wave
function is displayed by a green contour.

To analyze the nature of these two excitonic states, we plot the corresponding wave
functions in Fig. 5. We observe that the first peak X1 is dominated by on-site Cu-Cu
transitions between occupied and empty 3d states. These transitions are forbidden in a
spherically symmetric environment, but acquire oscillation strength due to the crystal field,
which is already present at 0 K in 5-Cuy V07 and is further enhanced at 300 K. The excitonic
feature X2, at higher energies, corresponds to excitations in which the electron and the hole

reside in Cu 3d orbitals of neighboring atoms. Hence, the two excitonic features bear from



transitions to empty Cu 3d, as one could infer from the low-lying conduction band states in
the DOS (Fig. 3). The broadening due to the atomic motion is then responsible for merging
the X2 feature with transitions to higher lying conduction band states.

To make a comparison with experiment, we construct the frequency-dependent absorption

coefficient a(w)

) 47rw\/\/5%(w) 2@ — &1 () "
c 2 '

where c is the speed of light, £5 the imaginary part of the calculated dielectric function of the
paramagnetic state at 300 K (given in Fig. 4) and ¢; the corresponding real part (given in
the SI). The calculated a(w) is compared to our measured absorption spectrum in Fig. 1 a).
The agreement between theory and experiment is remarkable, the peak position of X1 and
the onset of X2 being both well reproduced. This confirms the validity of the underlying
theoretical scheme and highlights the importance of all steps taken to achieve the present
description.

The good agreement between theory and experiment also allows us to draw important
conclusions as to the interpretation of the features in the absorption spectrum of 5-Cuy V4,07
and to the general suitability of this class of materials in photocatalytic devices. Our results
indicate that the peculiar feature associated with the lowest-energy transitions originates
from on-site transitions at the Cu®" sites, corresponding to excitons of high binding energy.
However, since the weak absorption in correspondence to this feature has not been considered
in efficiency assessments, its origin is inconsequential to the estimation of the performance
of this semiconductor. As for the higher lying excitations, the present results indicate that
the apparent onset of the continuum actually corresponds to transitions to bound excitons
in which the photogenerated charges are localized on neighboring Cu sites. Therefore, these
charges are not available for catalytic reactions at the surface, unless an additional energy
of at least 0.5 eV is supplied to split the charges. This value is much higher than found for

other metal oxides, such as BiVO,, for which an excitonic binding energy of only 0.11 eV
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has been calculated,?! and undermines the viability of using 3-Cuy V507 in a PEC cell. The
significant excitonic binding energy might contribute to the high onset potentials measured
for pristine Cu-V-O samples. '3

To conclude, we obtained an exceptionally good agreement between the measured and
modeled optical absorption spectra of 5-CuyV,07, a representative of the class of copper
vanadate compounds, presently widely investigated in view of photocatalytical applications.
Our theoretical modeling relied on state-of-the-art computational methods, including path-
integral molecular dynamics, self-consistent many-body perturbation theory, and the Bethe-
Salpeter equation. Our results highlight the occurrence of excitons of high binding energy in
the absorption spectrum as one of the reasons undermining the performance of 5-Cuy V507 as
a photoanode in a water splitting cell. As this limitation directly stems from the properties
of the Cu®* ions, these conclusions generalize to the entire class of copper vanadates. Hence,
our work suggests that electron-hole interactions between photogenerated carriers should be

systematically accounted for in future searches for new materials for water splitting.
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